Hardness measurements are potentially valuable for a quantitative discussion of embrittlement in the inner portions of fuel cladding tubes. The size of the indentation, however, is not negligible compared to the measuring region, even when a micro Vickers hardness tester is employed. This limits the measuring technique, and very little has been studied about degradation phenomena in the inner portion of the tubes.
I. Introduction
The inner surfaces of fuel cladding tubes are exposed to high energy particles like fast neutron and fission fragments or to excessive amount of oxygen which are induced by the fission of UO2 fuel pellets. These conditions may cause irradiation damage and/or irradiationenhanced diffusion(1)-(3) in fuel cladding tubes, and will deteriorate the ductility of the inner portion of the cladding tubes. The embrittled surfaces are susceptible to micro cracks, which are enhanced by aggressive fission products like iodine or cadmium (4) . This is one possible mechanism for cladding failure due to pellet cladding interaction under severe power ramp conditions (5) . With an increase of fuel burnup, the amount of aggressive fission products and the bombardment of high energy particles on the inner surface of the tube increase. Then , to make high burnup fuel rods more reliable, it is necessary to clarify the mechanism and to quantify the degradation in the inner surface of fuel cladding tubes.
The oxygen distribution in the inner portion of fuel cladding tubes has been reported by Kleykamp(6) . He found that oxygen diffused over about a 20mm depth based on analysis of PWR fuel cladding tubes irradiated at the burnup of 4.3%. The possibility has been reported that oxidation of the cladding inner portion would be accelerated by the effect of irradiation (7) , however difficulties of a quantitative discussion for the mechanism have also been reported (8) . Damage induced by recoil fission fragments implanted to the inner surface of the cladding has been simulated using high-energy ions bombardment and reported only changes of surface morphology by SEM, however, no information on the mechanical properties has not been reported (9) .
Hardness measurements in the wall thickness direction are a promising approach to allow quantitative discussion. Even when a micro Vickers hardness tester is employed, the size of the indentation , however, is not negligibly small compared to the region of interest. This limits the measuring technique, so that degradation phenomena at the inner surface of irradiated cladding tube have not been studied very much .
The aims of the present study were to develop a hardness measurement system for small specimens with high radioactivity such as spent fuel cladding tubes , and to obtain a technique of post irradiation examination for the specimens. 
Hardness Measurement Method
Although a depth-sensing hardness tester has been successfully applied to study mechanical properties of small unirradiated specimens or ion irradiated metal specimens(10)(11), no hardness measuring system has been reported so far which is specially designed for measurements in the inner portion of irradiated fuel cladding tubes with a high radioactivity. Such a system and its experimental technique would have to satisfy the following requirements; (1) loads, consequently the size of the indentation, have to be small enough to obtain a hardness distribution in a width as narrow as several tens of microns along the fuel cladding tube cross section, (2) remote and automatic operations in a g-ray shielded glove box with negative pressure and with unavoidable faint vibration of air have to be possible.
We combined an ultra-low-load hardness tester (SHIMADZU DUH-50) and computer controlled specimen moving table (in Fig. 1 ) to develop a hardness measurement system in a g-ray shielded glove box. This allows cladding tubes with high radioactivity to be examined. We developed the following measuring technique which has become a standard post irradiation examination in our hot laboratory. To sharpen the tip of the Table  2 Febrication data of fuel rod employed for hardness measurement indenter, a triangular-based pyramidal shaped indenter is employed instead of the conventional quadrangular pyramid one which is used for Vickers hardness measurements. The indenter is attached to a linear differential transducer with the sensitivity of 10nm movements, and the variable load is applied by an electromagnet force with a resolution of around 20m. A typical test involves lowering the indenter towards the specimen surface at a constant speed. The moment of contact to the surface is detected by a sharp change in the indenter speed . After contact, load is increased to the desired value while keeping a constant force increment rate, to obtain the indenter compression load-penetration depth curve. In this experiment, dynamic hardness is defined as the contact pressure under the indenter at the maximum force. The value is calculated as the applied load divided by the projected area of contact between the indenter and the specimen, as shown in
where HD is dynamic hardness, P is load in grams, and h is penetration depth in micrometers; K is a constant to calculate the area of contact from the penetration depth and it is determined by the angle at the tip of the triangular surface of the indenter. In order to obtain the most suitable indenter angle , we carried out the following measurements. The tip end of the indenter was sharpened by reduction of the indenter angle. If the loading force is constant , the indenter with a smaller angle leads to a larger penetration depth and it has an advantage of eliminating any effect of the hardening depth caused by polishing . Smaller angles, at the same time, have disadvantage of cracking easily at the indenter tip. To find suitable angle , we employed three kinds of indenters with angles of 65d , 100d and 115d at the tip. The average hardness from ten measurements was obtained for standard specimens of micro Vickers hardness (MHV700 and MHV200) and for the zirconium and Zircaloy-2 portions of zirconium lined fuel cladding tube before and after etching by 5/45/50vol% of HF/HNO3/H2O solution for 30s. Figure 2 shows that the load dependence of hardness decreases with larger indenter angle. The coefficient of variation (calculated as the standard deviation of hardness divided by the mean value), shown in Fig. 3 , becomes a minimum at the angle of 100d. From these results, the indenter with the angle of 100d was selected for the experiments. The increment rate of compressive force during loading on the specimen was surveyed and a value of 24mg/s, which induced the minimum variation in hardness, was chosen for standard measurements. The mean value of hardness was an average of ten measurements.
III. Test Results
Zirconium with Various Oxygen Concentrations
Oxygen concentration dependence of the Vickers hardness for five zirconium specimens with different oxygen concentrations is shown in Fig. 4 together with previous data. The hardness values are in good agreement with literature data (12)- (15) except for the specimen with microcracks (the point enclosed in parentheses). Relationship between dynamic hardness and the oxygen concentration of zirconium specimen is shown in Fig. 5 ; one point enclosed in parentheses is excluded from the curve. A precise relationship between the dynamic hardness (HD), which is convenient for measurements in a narrow width using a small indentation, and conventional Vickers hardness (Hv) is indispensable to convert HD to Hv. Combination of the data in Figs. 4 and 5 leads to Fig. 6 which shows a linear relationship between HD and Hv.
Unirradiated
Zirconium Lined Cladding Tube The hardness distribution of the inner portion of the zirconium-lined fuel cladding tube after simulated oxida- An enlarged cross section of the specimen inner portion is shown together with the hardness distribution in Fig. 8 . The inner portion of the oxidized zirconium liner tube can be divided into three regions, A, B, and C. Each region has the following properties: (1) Region A is a zirconium dioxide layer which appears gray in the optical micrograph. Large scatter in hardness is observed, probably resulting from the pores in the layer. (2) The thin white layer B with a thickness around 2.5mm is observed between the oxidized layer and the zirconium layer C. Hardness has its maximum value at the border adjacent to the oxidized layer A, and decreases sharply with the depth. (3) In region C, up to around 9mm from the surface, a clear trend of decreasing hardness is observed.
Irradiated Zircaloy-2 Tube
Dynamic hardnesses of six specimens cut from irradiated fuel rods were measured with a load of 1g (9.8x 10-3N) to obtain clear indentation since indentation size for irradiated specimens was smaller than that for unirradiated one. Some areas in the inner surfaces of the specimens cut from fuel stack regions (A2, G2, A3, G3) were found to be covered by a fuel/cladding chemical bonding layer. In such specimens, an area where there was no reaction layer between the UO2 pellet and cladding material was searched for circumferentially and the measurement was made there. The dynamic hardness distribution is plotted in Fig. 9 . Features of the hardness distribution at fuel stack positions (squares and triangles) include a sharp decrease in hardness up to around 2-3mm from the surface and a very slight decrease with depth above 3mm depth. It is clear from the comparison between the squares and triangles that neither the mag- nitude of the hardness nor its distribution are affected by addition of gadolinia to UO2. The hardness at the bottom extreme position of the gas plenum region, which is not so far from the top of the fuel stack (as little as 25mm) but receives no fission fragment bombardment, is shown by circles in Fig . 9 . In the area less than 3.5mm from the inner surface of the specimen at gas plenum region, hardness was not measured due to the occurrence of a shoulder slope during the specimen polishing. Such a slope did not occur for the specimens cut from fuel stack positions, though.
IV. Discussion
Diffusion Coefficient of Oxygen in Unirradiated Zirconium
Using the hardness-oxygen concentration relationship obtained in Fig. 5 , we obtained the oxygen concentration at the depths from the surface of the oxidized zirconium liner tube, as Fig. 10 , based on the substitution of oxygen concentration for hardness in Fig. 8 . Oxygen concentration in Fig. 10 decreases rapidly from the maximum value of around 26wt% to 1wt% in the white layer (Region B in Fig. 8 ). With less than 1wt% oxygen (Fig. 10) , we see no change in color in metallographic section. The solid circles enclosed in parentheses in the outer surface oxide region should be excluded from the discussion, because hardness does not represent the correct oxygen concentration due to the porosity of the oxide.
After the hardness measurements, relative oxygen concentration of the specimen was obtained by Auger electron analyzer (PHI Model 404). The range from surface to 9mm in which oxygen increments were detected is shown in Fig. 11 , and it corresponds to the range of measured oxygen distribution from dynamic hardness as in Fig. 10 .
The diffusion coefficient of oxygen in unirradiated zirconium is estimated on the basis of the oxygen concentration distribution in Fig. 10 and the following approximate solution of Fick's equation for a semi-infinite cylinder and constant surface conditions: where C/C0 is the relative value for the oxygen concentration at the surface. The erf is error function, x the depth, D the diffusion coefficient and t the time. When x equals 4(Dt)0.5, C/C0 decreases to 0.005, which is for all practical purposes the detection limit of observation. Then, the value of 4(Dt)0.5 is regarded as the maximum depth of the observed hardness distribution or diffusion zone thickness in this study. Thus, D can be obtained when the diffusion zone thickness of the oxygen or the maximum depth of hardness distribution is measured. Though, such conditions as diffusion of oxygen in both the oxide and metal, the volume change during oxidation, and the moving boundary should be considered for precise calculation. Here, for simplicity the two-phase diffusion can be neglected and the boundary surface position during diffusion is approximated to be in the oxide layer (between 1-3mm from the oxide surface in Fig. 10 ) and the maximum depth of diffused oxygen he 9mm . Thus, the diffusion zone thickness x in Eq. (2) is calculated to be in the range of around 6 to 8mm. The specimen was heated for 2,000h at 723K. Then, a. diffusion coefficient of 3.1x10-19 to 5.6x10-19m2/s is estimated based on the dynamic hardness distribution. Comparison of the diffusion coefficients with the previous data(16) are made in Fig. 12 . The diffusion coefficient of this work agrees well with the previous data obtained by strain-ageing, internal friction, oxide thickness measurements , or ion probe analyzer. This supports the validity of the hardness measurement method for discussing the diffusion 
Diffusion Coefficient of Oxygen in the Inner Portion of Cladding Tubes
The hardness distribution within 4mm from the tube inner surface at the fuel stack positions in Fig. 9 is magnified and shown on the upper right of Fig. 13 . All data from the two types of fuel rods are plotted by the same symbol, since the difference in hardness distribution at fuel stack positions for UO2 fuel and gadolinia added UO2 fuel rods was negligible in Fig. 9 . The main cause of the hardness increase is thought to be the oxygen dissolution hardening of Zircaloy as in the case of unirradiated zirconium liner (Figs. 10 and 11) .
We assume that the position at which hardness rises from the base line corresponds to the diffusion zone thickness of the oxygen and x equals 4(Dt)0.5 at this position. Then we estimate the diffusion coefficient of oxygen in the inner portion of fuel cladding tubes and compare it to that obtained from unirradited a-Zr (16) . An error of 0.5mm in the maximum depth is inevitable, since the hardness measurement cannot be made at the inner surface within 0.5mm. Then as shown in Fig. 13 , we can see that the diffusion coefficient is in the range from 1.1x10-21 to 1.9x10-21m2/s when the value of 4(Dt)0.5 corresponds to 1.5-2.0mm and irradiation time in the BWR is 1,490 days.
On the other hand, if the diffusion coefficient of oxygen in Zircaloy-2 is independent as such in-reactor conditions as neutron irradiation or fission fragment bombardment, the value is simply calculated from the temperature dependence of the oxygen diffusion coefficient in unirradiated zirconium (16) . Although the temperature changes with the linear heat rates of fuel rods during in-reactor service, it seems reasonable to take temperatures at the tube inner surface region as being within 330dc to 350dc for typical BWR fuel rods (17) . The comparison of oxygen diffusion coefficients between the calculated and the experimentally obtained values is also made in Fig. 12 , and there is good agreement. The diffusion coefficient of fission products in UO2 fuel has been reported to be two or three orders of magnitude larger than that for out-of-reactor tests (18) . Considering experimental result and that the stopping range of fission fragments of UO2, around 10mm (19) , is deeper than the maximum depth of the hardness distribution, we can see in the case of oxygen in fuel cladding tubes that neither neutron irradiation nor bombardment of fission fragments affects the diffusion coefficient.
V. Conclusions
(1) A hardness measurement system, equipped with a depth-sensing indentation instrument and the post irradiation examination technique for irradiated fuel cladding tubes were successfully developed.
(2) The results of unirradiated zirconium-lined cladding after simulated oxidation in the fuel rod showed that the minimum oxygen concentration at the white layer, observed by an optical micrograph, was around 1wt%, and that the diffusion coefficient obtained from hardness measurements was in good agreement with previous data obtained by many methods as strain-aging , internal friction, oxide thickness measurements, or ion probe analyzer.
(3) From the hardness distribution in the inner portion of Zircaloy-2 fuel rod irradiated up to five cycles in a BWR, it was concluded that neither neutron irradiation nor bombardment of fission fragments affected the oxygen diffusion coefficient in the inner portion of cladding tube.
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